We investigated the intranuclear distribution of viral genomes in adenovirus Type 5-infected HeLa cells on ultra-thin sections of Lowiayl K4M-embedded material by immunolabeling of DNA and in situ hybridization with a viral DNA probe. Monoclonal AC-30-10, raised against double-and single-stranded DNA (&DNA, SSDNA), and HB2 antibodies, raised against only the &DNA, were used. Both antibodies intensely labeled the condensed host chromatin and the virus-induced substructures containing inactive encapsidated and non-encapsidated viral genomes. The antibodies labeled only slightly those substructures containing rep-
Introduction
Localization of viral DNA on ultra-thin sections of infected cells has been investigated in the past by several histochemical techniques, including specific DNA staining (6) and autoradiography (4,6). Recently, by in situ nucleic acid hybridization, we established clear relationships between the replicative activity of viral genomes and some of the many virus-induced substructures that appear and evolve in the nuclei during the infective cycle (11) . We have demonstrated that replicating viral genomes lead to the formation of replicative foci in which two compartments rapidly develop, one of which results from the aggregation of single strands of viral DNA (10) . Doublestranded viral genomes in a resting state are compacted within the nucleoids of the progeny viruses and also accumulate to form a prominent, fibrillar, centrally located compartment at late stages of nuclear transformation (8,ll).
A few years ago, monoclonal anti-DNA antibodies (MAb) were introduced in immunocytochemistry for ultrastructural localization of DNA on ultra-thin sections (15) . Because adenovirus ge-' Supported by general grants from the Centre National de la Recherche Scientifique and a special grant from the Association pour la Recherche sur le Cancer, Villejuif, France. licating and transcribing viral genomes. Viral =DNA, which is accumulated within well-delineated compact fibrillar structures, was not revealed by AC-30-10 even after elimination of the proteins of the section. In situ hybridization detected all of these types of viral DNA, depending on the protocol used. Therefore, the sensitivity of in situ hybridization for detecting DNA appears superior to immunolabeling with specific antibodies. (JEiistochem Cytochem 41:1537-1546, 1993) KEY WORDS: Adenovirus Type 5; Anti-DNA antibody; In situ hybridization; Ultrastructure. nomes with different synthetic activities and structural organizations are confined within different, juxtaposed, well-delimited subnuclear compartments, in the present study we tested the reactivity of two anti-DNA MAb towards the different kinds of adenovirus DNA in infected nuclei and compared the results with those obtained on the same biological material after in situ nucleic acid hybridization. We found that resting viral genomes, both encapsidated and non-encapsidated, are detected by anti-DNA MAb but that actively replicating genomes and inactive ssDNA molecules are not detectable by these antibodies. On the other hand, in situ hybridization on ultra-thin sections reveals all of these forms of viral DNA
Materials and Methods
Biological Material. Seventeen hour adenovirus Type 5 (Ad5)-infected cultured HeLa cells were fixed in situ for 1 hr at 4'C in either 4% paraformaldehyde (Merck; Darmstadt, Germany) or 1.6% glutaraldehyde (Taab; Reading, UK) in 0.1 M Sorensen phosphate buffer, pH 7.3. During fixation, cells were gently scraped and centrifuged. Pellets were washed in the same buffer, dehydrated in methanol, and embedded in Lowicryl K4M (Chemische Werke Lowi; Waldkraiburg, Germany) at low temperature by procedures described previously (10) . Thin sections of Lowicryl-embedded materials were mounted on Formvar-carbon-coated gold grids (200 mesh) and processed for immunocytology or in situ hybridization.
U~trastrucNd Immunocytology. The primary antibodies for localizing DNA on Lowicryl sections were (a) MAb AC-30-10 (Boehringer Mann-heim; Mannheim, Germany) raised against both single-and double-stranded DNA (ssDNA and dsDNA) (U), and (b) MAb HB2 (Biosoft; Paris, France) raised against dsDNA (3, 5) . Both AC-30-10 and HB2 were used either undiluted or diluted 1:50 in PBS. Goat anti-mouse IgM conjugated to 10-nm gold particles (Biocell; Cardiff, UK) was used as secondary antibody, diluted 1:50 in PBS.
Immunogold labeling was performed at room temperature. Grids bearing Lowicryl sections were quickly washed in PBS and incubated for a few seconds in 5 % bovine serum albumin (BSA) in PBS before incubation for either 30 min or 1 hr with primary antibodies (AC-30-10 or HB2). Grids were washed for 5 min with PBS and floated on the secondary antibody for 30 min. After washing with PBS for 10 min, grids were rinsed in a jet of distilled water and air-dried. Sections were observed after lo-min staining with either 5% aqueous uranyl acetate solution or a freshly prepared aqueous mixture containing 1 volume of 2% KMn04 and 2 volumes of 2 % uranyl acetate (1, 2) .
To increase the accessibility of the DNA of the sections to MAb, some grids were treated at 37°C for 15 min with 0.2 mg/ml protease (bacteria protease Type VI) (Sigma; St Louis, MO) in 10 mM %is-HC1 buffer before incubations with MAb.
Non-specific labeling was estimated by incubating the material with labeled immunoconjugate either directly after BSA treatment or after incubation in normal mouse serum (1:50 in PBS).
Immunofluorescence Tests. Non-infected and infected HeLa cells were fixed with cold methanol-acetone (3:7) for 5 min at -20°C. The fixed coverslips were stained with either Ac-30-10 or HB2 (undiluted) as the primary antibody for 30 min at 37°C in a moist chamber. They were washed three times in PBS and incubated for a further 30 min at room temperature in rhodamine (TRITQconjugated sheep anti-mouse Ig (Nordic Immunology; Tilburg, The Netherlands) (1:10 in PBS) as secondary antibody. After repeated washed in PBS, the infected cell monolayers were rinsed in water and mounted in glycerol-PBS (9:l). To see the effect of the formaldehyde fixation used for electron microscopic studies on the antigenic sites of cell and viral DNA, monolayers were fixed for 20 min with 4% formaldehyde in PBS. After 15-min washing in PBS, monolayers were incubated for 15 min in 0.25% Triton X-100 in PBS, then washed in PBS for 15 min before immunofluorescent labeling as above. For controls, anti-DNA antibodies were replaced by normal mouse serum (1:50 in PBS).
In Situ Hybridization. Grids bearing Lowicryl sections were submitted to a 15-min protease treatment (see above), followed by a 1-hr RNAse treatment (BDH; Poole, UK) (1 mglml), both treatments at 37'C. Grids to be used for hybridization of the probe to both viral dsDNA and ssDNA of the infected cells were submitted to an additional 4-min 0.5 NaOH treatment at room temperature. Grids to be used for hybridization of the probe to only viral ssDNA were submitted to the hybridization solution without NaOH denaturation of the DNA in the section. In addition, grids to be used for hybridization of the probe to only viral dsDNA were treated with 1 600 Ulml S1 nuclease (Boehringer Mannheim) (instead of RNAse) after the protease treatment. Experimental conditions for S1 nuclease treatment were described elsewhere (8) . After subsequent NaOH treatment, hybridization and immunodetection of hybrids was performed as below.
The hybridization solution containing the biotinylated Ad5 DNA probe (Enzo Biochem; New York, NY) was prepared as previously described (10) .
It was heated for 4 min to separate the dsDNA into single strands before being placed in contact with grids. After 90-min incubation at 37°C. direct immunodetection of biotin was performed with goat anti-biotin antibody conjugated to 10-nm gold particles (Biocell). After 30-min incubation at room temperature, grids were rinsed in PBS for 5 min, washed in a jet of distilled water, and air-dried. The sections on the grids were observed after 10-min 5 % aqueous uranyl acetate staining.
To verdy that our biological material was devoid of endogenous biotin, all steps ofthe procedure were carried out except for exposure of the section to the probe. In addition, to demonstrate the specificity of the hybridization reaction, some protease-RNAse-and protease-Sl nuclease-treated sections were incubated at 37'C for 1 hr with DNAse 1 (Worthington Biochemical; Freehold, NJ) at 1 mg/ml as previously described (13) . Then hybridization was performed with or without NaOH denaturation.
Results
The progressive nuclear modifications that occur in Ad5 infection wete previously described in detail (llJ3). This study was concerned with (a) the pleomorphic, compact fibrillar structures that are accumulation sites of viral ssDNA, (b) the surrounding fibrillogranular network which mainly consists of viral genomes undergoing replication and transcription, (c) a late-appearing region consisting of non-encapsidated, non-replicating, and mostly non- 
DNA Localization with MAb
MAb AC-30-10 theoretically labels all DNA molecules, i.e., both the dsDNA and ssDNA exposed at the surface of sections. Whether formaldehyde (Figures la and Ib) or glutaraldehyde (not shown) was used, without protease pre-treatment of grids, labeling was similar whatever the duration of the incubation with primary antibody and the dilution of the antibody. The most intense labeling (cull0 gold particles/p2) was found over the peripheral layer of condensed chromatin whatever its location in the nuclei (i.e., perinuclear, peri-and intranucleolar chromatin) and over the viral genome storage site ( Figure la) . Gold particles were clearly much less numerous over the fibrillogranular network (m35 gold particles/m2) and were rare over the adjacent viral ssDNA accumulation sites ("10 gold particles/p2) in both extensively (Figure la) and moderately altered nuclei ( Figure 1b ). Labeling of viral nucleoids was infrequent and always minimal. Curiously, gold particles were scattered over other nuclear structures, particularly clusters of interchromatin granules, and over the cytoplasm, especially ribosome-rich areas (~2 0 gold particles/ run2). Control experiments showed no evident labeling when primary antibody was omitted or replaced by normal mouse serum. Taken together, the data indicate that after the use of MAb Ac-30-10, the labeling of the viral ssDNA accumulation sites, virions, clusters of interchromatin granules, and cytoplasmic ribosomes was background.
A preliminary protease treatment, performed to render DNA more accessible to the antibody, markedly decreased the nonspecific binding of antibody to clusters of interchromatin granules and ribosomes. Again, condensed chromatin and the viral genome storage site remained the most intensely labeled structures, and the intensity was similar to that obtained without protease pre-treatment (Figure 2a ). On the other hand, the nucleoids of both isolated and clustered viruses were more frequently labeled after preliminary protease treatment (Figure 2a ). Viral ssDNA accumulation sites at the late stage ( Figure 2a labeling of the surrounding fibrillogranular network was very sparse, especially in late infected nuclei.
DNA Localization with HB2
Although MAb HB2 theoretically was raised against only the dsDNA (3,5), the distribution patterns of the gold marker were identical to those of MAb AC-30-10 whatever the fixative used, the dilution of the primary antibody, and the incubation time.
Without protease pre-treatment of sections before MAb HB2 incubations, labeling occurred over condensed chromatin and the viral genome storage site (Figure 3a ). Almost all viral nucleoids were unlabeled. A few gold particles were scattered over ssDNA accumulation sites, the surrounding fibrillogranular network of the nuclei, and the ribosome-containing areas of the cytoplasm of cells at different stages of infection.
Protease pre-treatment completely eliminated nonspecific antibody binding over cytoplasmic ribosomes and markedly increased the labeling of both isolated and clustered viral nucleoids ( Figure  3b ). However, the labeling intensity of dense chromatin and the viral genome storage site was not modified. Again, viral ssDNA accumulation sites were clearly unlabeled and gold particles were only occasionally found over the surrounding fibrillogranular network.
No labeling was obtained when secondary antibody was applied directly after BSA treatment or after incubation with normal mouse serum.
Immunofluorescence Controls
Whatever the fixative used, methanol-acetone (Figures 4a-4d 
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ure 4b), which were scattered in a poorly stained nucleus. Several round regions located near the nuclear periphery were unlabeled (Figures 4b and 4c ). The nuclear periphery was always accentuated by a fluorescent ring, probably due to the densely packed DNA in the marginated host chromatin. Another characteristic pattern observed included a brightly stained, crescent-shaped structure in the center of the nuclei (Figure 4d ). The remainder of the nucleus was only slightly labeled. No fluorescence was observed with normal mouse serum (not shown).
DNA Localization by In Situ Hybridization
By using an Ad5 DNA probe, in situ hybridization procedures allowed specific detection of Ad5 DNA only in RNAse-digested sections. An additional protease digestion before the hybridization procedure markedly increased the intensity of the hybridization signal, as previously reported (10) .
After NaOH treatment of sections to detect both viral ssDNA and dsDNA (Figure sa) , gold particles were restricted to the virusmodified nucleoplasm. Although the very high hybridization signal rendered identification of the various labeled compartments difficult, it was clear that many gold particles were present over the viral genome storage site containing dsDNA, the viral ssDNA accumulation sites, their surrounding ssDNA-and dsDNA-containing fibrillogranular networks, and over the nucleoids of isolated and clustered viruses. No labeling was found over condensed chromatin, whatever its location in the nuclei, and over cytoplasm.
Without NaOH treatment, gold particles that localized viral ssDNA were numerous over the viral ssDNA accumulation sites, whatever the stage of the infective cycle (Figures 6a and 6b ). Labeling was clearly less intense over the surrounding fibrillogranular network. The large viral genome storage site and clustered viruses were almost entirely devoid of labeling.
After both protease-S1 nuclease digestion and NaOH treatment of the sections, conditions under which gold particles can localize only viral dsDNA, the hybridization signal was abundant over viral genome accumulation sites and over many viral nucleoids of both individual and clustered viruses (Figures 5b). Signal was also associated with the fibrillogranular network, whereas the enclosed viral ssDNA accumulation sites were decorated only with very few gold particles at the late stage of infection (Figure 5b) as well as earlier (Figure 6b) .
No labeling was obtained after omission of exposure of sections to the probe or after DNAse treatment of sections before hybridization.
Discussion
Analysis of the distribution of developing and completed adenovirus genomes during the infective cycle requires highly sensitive and specific methods. In situ hybridization with a specific biotinylated DNA probe can detect viral DNA whatever its configuration and synthetic activities (11) . The data obtained with this procedure have provided insight into the incidence of adenovirus genome replication in nuclear structures. DNA molecules also can be revealed at the ultrastructural level by other cytochemical approaches, such as the Feulgen-like osmium ammine staining which, however, con-comitantly visualizes both cell and viral DNA (6) . A widely used technique for localizing DNA in bacteria (1.2) and in eukaryotic nuclei (14, 15) is based on the specific binding of anti-DNA antibodies to DNA. In this study we took advantage of the compartmentalization of various configurations of viral DNA in adenovirusinfected nuclei to examine the ability of antibodies against DNA to detect in situ dsDNA, ssDNA, actively replicating DNA, and extended and compacted inactive DNA. Different results were obtained in Ads-infected HeLa cells after detection of DNA either with anti-DNA antibodies or with specific viral DNA probes.
The condensed host chromatin of formaldehyde or glutaraldehyde-fixed infected HeLa cells was intensely labeled with both MAb AC-30-10 and MAb HB2, even in the presence of the proteins of the section (*go gold particles/pni2 above background), which agrees with earlier findings in various biological materials (14~5). Concomitantly, the viral genome storage site in which viral genomes are not engaged in synthetic activities (11, 13) also bound the antibodies (-90 gold particles/pm* above background), which demonstrates that these antibodies recognize both viral and cellular DNA. Again, the presence of the proteins of the section did not affect the labeling intensity, which suggests that viral proteins are not closely bound to non-encapsidated viral genomes in a resting or storage phase.
On the other hand, viral genomes inserted within viral capsids were detected only after elimination of the proteins. Encapsidated adenovirus DNA is bound to large amounts of protein that render it insensitive to preparative procedures, unlike the DNA of Herpes viruses (9) . The present data reveal that encapsidated adenovirus DNA is masked by core proteins which render it inaccessible to antibodies. This agrees with previous data obtained with specific DNA probes applied to protein-containing sections which revealed a low level of hybridization of encapsidated adenovirus genomes (11) but not of encapsidated Herpes Jimpfex virus genomes (12) . Therefore, prior elimination of proteins is imperative for satisfactory binding of both antibodies and DNA probes to encapsidated adenovirus DNA.
Because the synthetic activities of adenovirus genomes result in the formation of a clearly visible fibrillogranular network of replicating and transcribing viral genomes, adenovirus-infected nuclei are a good model for detecting in situ the ability of a specific antibody to recognize active DNA. Curiously, even in the absence of the proteins of the section, both AC-30-10 and HB2 antibodies barely labeled the fibrillogranular network (-15 gold particles/pni2 above background). The low level of labeling of this region in which synthetic activities are intense, especially at the intermediate stage of nuclear transformation, might reflect a low DNA concentration. This seems unlikely, however, since in situ nucleic acid hybridization performed in parallel on the same biological material unambiguously localizes abundant viral DNA in this region (10; and the present study). On the other hand, formaldehyde and glutaraldehyde can abolish the recognition of some antigens by antibody. However, the fact that we obtained low fluorescence labeling over regions containing viral ssDNA and active viral genomes after methanol-acetone fixation or formaldehyde-Triton treatment of cells argues against this possibility. These observations, which demonstrate a serious limitation of the immunodetection of active viral DNA with standard electron microscopic techniques, parallel those of Scheer et al. (15) . which revealed no labeling of the nucleoplasmic space in nuclei of rat liver or of the transcriptionally active loops of lampbrush chromosomes. In the biological system we tested, the ability of active viral DNA to bind viral DNA probes by in situ hybridization applied to standard sections, especially in the absence of the proteins of the section, demonstrates that sufficient active viral DNA is present at the surface of Lowicryl sections to be accessible to specific probes. Therefore, the absence of labeling of active viral DNA by antibodies is not the result of an insufficient amount of DNA in the fibrillogranular network. It clearly appears that standard techniques of electron microscopy are not suitable for detection of replicating Ad5 DNA by monoclonal antibodies. As opposed to in situ hybridization, use of the anti-DNA antibodies requires appropriate experimental conditions that depend on the biological characteristics of the system and must be established for each biological entity.
Intense replication of viral genomes leads to the aggregation of viral ssDNA into well-delineated, compact fibrillar masses. The large amount of viral ssDNA within these structures is attested to by their intense labeling after use of an ssDNA MAb (7) or of a viral DNA probe under conditions allowing the exclusive detection of ssDNA, i.e., without denaturation of the DNA of the section (10; and the present study). As expected, MAb HB2 raised against dsDNA ( 3 , 5 ) does not label the viral ssDNA accumulation sites. However, a similar absence of labeling was obtained with MAb AC-30-10 which, in vitro, detects both ssDNA and dsDNA (15) . Elimination of the proteins of the section, which markedly improves the detection of viral ssDNA by in situ hybridization (10, 11) , does not improve the accessibility of viral ssDNA to MAb AC-30-10.
Our purpose in this study was to compare the efficiency of in situ hybridization and immunocytological procedures for detection of DNA within the intranuclear adenovirus-induced substructures. We show that the strong binding of specific antibodies to DNA of condensed host chromatin and to both encapsidated and non-encapsidated inactive viral genomes theoretically renders immunolabeling of DNA useful for in situ identification of DNAcontaining structures. However, the sensitivity of in situ hybridization for detecting DNA appears superior to immunolabeling with specific antibodies, since the latter fail to reveal some kinds of adenovirus DNA, i.e., active viral dsDNA and viral ssDNA.
